The Da Xing'an Mountain is a key distribution area for Chinese boreal forests and is a fire-prone area. Frequent forest fires have influenced on the regional carbon cycle enormously, especially for the influence of soil respiration. Thus, understanding post-fire soil respiration is important in the study of the global carbon balance. This study chose different fire intensities burned area in 2006 and near unburned area as study area. The objectives of this study were to (1) investigate soil respiration and its components after different intensities of fire disturbances; (2) determine the relationship between postfire soil respiration and soil temperature and soil water content. The results show that heterotrophic respiration is reduced with an increase in fire intensity, whereas autotrophic respiration increases with an increase in fire intensity. The soil respiration does not significantly correlate with fire intensity (P > 0.1). T and W accounted for 56.3 to 77.4% of soil respiration; this percentage increased with an increase in fire intensity. The results provided a foundation for further studies on the effect of forest fires on the soil carbon balance in boreal forests.
INTRODUCTION
Global climate change, driven by increasing atmospheric concentrations of carbon dioxide (CO 2 ), is a foremost environmental concern, and considerable research has focused on quantifying the components of the global carbon (C) cycle (Savage et al., 2008) . Soil is a major biospheric reservoir for carbon (C), containing twice as much of the global C as the atmosphere and three times as much as vegetation (Granier et al., 2000) . The carbon from the soil is released into the atmosphere through soil respiration (Hibbard et al., 2005) . Soil respiration (Rs), which originates from autotrophic root respiration (Ra) rhizosphere and the bulk soil, provides the main carbon microbial respiration (Rh) in the and heterotrophic efflux from terrestrial ecosystems to the atmosphere and is therefore an important component of the global carbon balance (IPCC, 1996; Buchmann, 2000; Schlesinger and Andrews, 2000) . Soil respiration contributes 30 to 80% of the total respiratory efflux in most ecosystems (Davidson et al., 2002) , and is thus considered a key component of the carbon cycle. Small changes in Rs can have a great effect on CO 2 atmospheric concentrations and provide a potential positive feedback loop between increasing temperature and enhanced Rs that may ultimately accelerate global warming (Grace and Rayment, 2000; Schlesinger and Andrews, 2000; Sánchez et al., 2003; Rodeghiero and Cescatti, 2005) . Understanding the mechanisms of, and potential changes to, the soilatmosphere exchange of CO 2 through Rs is a critical aspect of understanding ecosystem responses to climate change. Thus, measurements of Rs have become a pri-mary tool for terrestrial carbon cycling research (Savage et al., 2008) .
Boreal forests, which are very sensitive to climatic change (Gorham, 1991) , are expected to be severely affected by global warming (IPCC, 2001) . Boreal forests, containing roughly 40% of the world's reactive soil carbon, an amount similar to that held in the atmosphere, play an important role in the global soil carbon pool (Melillo et al., 1993; McGuire et al., 1995; Schlesinger, 1997; Kasischke and Stocks, 2000) . In the boreal forest ecosystem, the major factor influencing carbon absorption and emission is forest fires (Kasischke et al., 1995 Kasischke, 2000; McGuire et al., 2004; Czimczik et al., 2006) . Frequent and serious forest fires have a significant effect on the carbon balance in the boreal forest (Kasischke et al., 1995; Kasischke and Stocks, 2000) . The loss of soil carbon from the boreal forest during and after forest fires is not only the main determinant of the forest carbon balance (Harden et al., 2000) , but is also one of the factors contributing to significant uncertainties in global carbon balance estimations (French et al., 2004) . These uncertainties arise from the high heterogeneity of the soil, the differences in the soil environment (Ottmar and Sandberg, 2003) and the complexity of forest fires (Hinzman et al., 2003) . Forest fires partially or fully burn the forest vegetation, resulting in huge changes to soil temperature (T), soil water content (W), soil microbial activities, roots, and Rs. The relationship between the quantification of these environmental factors and Rs plays an important role in the development of fire disturbance ecosystem response models (O'Neill et al., 2002a) . Thus, the ecosystem of the boreal forest is a crucial area in understanding the effect of forest fire on soil respiration. China's boreal forests are mainly located in the Da Xing'an Mountain. The main forest type in this region is the Larix gmelinii Rupr. forest, which accounts for over 70% of the area (Xu, 1998) . The L.. gmelinii Rupr. forest ecosystem is important to China's forest ecological, as well as in global changes and in the regional carbon balance; however, there have been few studies on Rs in the L. gmelinii Rupr. forest and results have been inconclusive Wang et al., 2001) .
Based on fire statistics, 959 fires occurred in the Da Xing'an Mountain of Heilongjian from 1980 to 2009 and the burn area was 2.89 × 10 6 hm 2 , of which 1.47 × 10 6 hm 2 was forest. Forest fire has become the major natural disturbance factor in the boreal forest ecosystem in China. The stands in this area selected for this current study have been exposed to the most representative and typical fires.
Currently, studies on forest Rs in China mainly focus on the forests of the temperate and subtropical zones (Jiang and Huang, 1997; Liu et al., 1998; Ma et al., 2000; Sun et al., 2001; Zhang et al., 2007) . Few studies have been performed on the Rs of forests at high latitudes. How does the forest fire influence the soil respiration is a key scientific problem.
In this study, ixed monitoring sample plots of forest areas burned at different intensities and neighboring unburned control areas, were assigned to measure effects of burning on Rs, T, W, and other indices throughout the growing season. What we tried to explain were as follows: (1) The climate zone of the site is cold temperate with a continental monsoon. The average annual temperature is -3°C and the extreme minimum temperature is -48°C. It has a 500 mm annual rainfall and 90 to 100 frost-free days. The soil in this area is brown coniferous forest soil. The forest type before the fire was a half-mature forest of Rhododendron L. gmelinii Rupr. The species composition was 10 Larch + Birch + Populus. In April 2006, a forest fire broke out in 798 high lands of the Kandu River in the Songling area of the Da Xing'an Mountain. The total burned area was 12 × 10 4 to 15 × 10 4 hm 2 , and the burned forest area was over 5 × 10 4 hm 2 . This study sample plot is located within the range of the fires.
METHODS

Sample plot description
Areas that burned in April 2006 in serious, moderate or mild fires were selected for this study and the neighboring unburned sample plots were used as control plots. A total of 12 plots 20 × 20 m each, consisting of three sample plots and a control plot for each type of burn (serious, moderate or mild), were selected. Seriously burned areas were defined as having a tree death rate of 88.04% with fully burned undergrowth, dead soil covering and duff. The average blackened tree height in the seriously burned areas was 5.86 ± 0.8 m. In the moderately burned areas, the tree death rate was 64.60% and fully burned the dead soil covering and duff, though the color under the duff was unchanged. The average blackened tree height in these areas was 2.32 ± 0.4 m. In the mildly burned areas, the forest death rate was 23.91 and 5.0% of the undergrowth was burned out. The average blackened tree height was 1.45 ± 0.5 m.
Soil respiration measurement
An LI-8100-103 Portable Survey Room was connected to the LI-8100 Automatic Measuring System for Soil Carbon Flux (LI-COR Inc., NE, USA) to detect Rs. In early May 2010, 5 PVC soil rings, with an inner diameter of 19 cm and height of 7 cm, were randomly arranged in each sample plot. The PVC soil rings were pressed into the soil after one end was sharpened to reduce the suppression effect caused by the arrangement of the soil rings. The resultant height above ground for each soil ring was 2 to 3 cm and the position of each ring was kept unchanged during the measurement period. The first measurement was made 24 h after the arrangement of the soil rings was completed (Wang et al., 2002) .
The trench method was used to measure Ra (Bond-Lamberty et al., 2004) . In early May 2010, four 50 × 50 cm quadrats were randomly set in the periphery of each fixed sample plot, 1 to 2 m from the border of the sample plot. The root zone was trenched (approximately 45 to 55 cm), and double-layer plastic sheets were used to divide the peripheral root system into enclosed quadrats. The living plants in the quadrats were carefully removed so that no living plants would be present in the quadrats during the measurement period. Finally, a soil ring was placed in each quadrat. The CO2 flux values of these quadrats was Rh, and the difference in the CO2 flux values between the trenched and the untrenched quadrats was Ra (Luo and Zhou, 2006) . The root system contribution rate was the percentage of Ra account for Rs. Measurements were conducted each month from May to September 2010 for a total of five measurements.
At the time of soil respiration measurement, an LI-8100 Self Soil Temperature Probe (P/N 8100-201) and an ECH2O-type EC-5 Soil Moisture Probe (P/N 8100-202) (Decagon Devices, Inc., Pullman, WA) were used to measure T and W at 5 cm soil depth.
Data analysis
The SAS 9.0 statistical software package (SAS Institute Inc., Cary, NC, USA) was used for data processing. ANOVA and multiple comparisons were conducted for Rs and Rh at different intensities and months. After log transforming Rs and Rh, a multiple regression analysis was conducted on Rs, ln(Rs), Rh, ln(Rh), T and W in order to establish a relationship model between soil respiration, T, and soil humidity. In addition, a residual inspection was conducted for all models to meet the statistical requirements.
RESULTS
Seasonal dynamics of Rs after different intensities of fire disturbances
In the burned sample plots with three burn different intensities and unburned control areas, the seasonal dynamics of Rs and Rh throughout the growing season shows a single peak trend (Figure1) . The Rs's of the burned sample plots were significantly less than those of the control plots (α = 0.05) for every month. The maximum Rs occurred in July for every sample plot; the minimum Rs occurred in September for all sample plots except for the mild burn intensity plot, in which the minimum Rs occurred in May (Figure 1) .
Effects of fire intensity showed seasonal dynamics. The
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Rs's of the plots with the same fire intensity showed significant seasonal dynamics (α = 0.05) (Figure 1) . The seriously burnt sample plots exhibited the maximum seasonal effect, with the respiration rate in July being 5.7 times that in May. The moderately burnt sample plot exhibited the smallest seasonal effect, with a 3.4 fold greater respiration rate in July 3.4 than in May. The respiration rates of the control and mildly burnt sample plots in July were 3.6 times greater than in May. For every month examined, burn intensity had a significant effect on Rs (Figure 1) . The Rs's in descending order for each month are as follows: in May and June: control >moderate >mild >serious; in July and August: control >moderate >serious >mild; and in September: control >mild >moderate >serious. For all sample plots, the burn intensity effect was greatest in September when the Rs of the control plot were 2.5 times that of the seriously burnt sample plot. The effect was least in July when the Rs of the control sample plot were 1.4 times that of the mildly burnt sample plot. Based on the average respiration rate throughout the entire growing season, the Rs's in descending order are as follows: control >moderate >mild >serious. The Rs of the control sample plot was 1.45 times that of the seriously burnt sample plot (Table 1) .
Seasonal dynamics of soil Rh after different intensities of fire disturbances
The maximum Rh of the control plot occurred in June and all other sample plots peaked in July. The minimum Rh occurred in September for all plots (Figure 1 ). These results indicate significant synchronization of Rs with Rh (Figure 1 ). Throughout the entire growing season, the Rh of the control plot was higher than that of all burned sample plots. However, except for June and September, the differences between the control and burnt plots were not significant (α = 0.05) (Figure 1) .
Seasonal effects on Rh were seen in all burn intensity plots. The seriously burnt sample plot showed the highest seasonal effects. The difference between the Rh of the month with maximum values and the month with the minimum values was almost 8.8 fold. The mildly burnt sample plot had the smallest seasonal effect with a maximum difference of 3.4 for (Figure 1) .
Burn intensity affected Rh. The Rh values for each burn intensity averaged over the entire growing season ranked as follows: control >mild >moderate >serious. The one exception was in May and August, the Rh of the moderately burnt plot was slightly higher than that of the mildly burnt plot (Figure 1 
Estimate of Ra and Rc
An abnormal value in the seriously burnt sample plot (Figure 1) . Thus, the data in June to September were used to estimate Ra and root respiration contribution (Rc) ( Table 1) .
The average Ra values throughout the growing season are listed in descending order: control > serious >moderate >mild. The Ra of the control sample plot was 3.5 times that of the mildly burnt sample plot. The rank of burn intensity Rc values differed slightly from the rank of burn intensity RA values. Burn intensities, in descending order of Ra values, were: serious (24.1 to 42.2%) >control (10.7 to 33.0%) >moderate (10.5 to 20.1%) >mild (0.7 to 14.2%) ( Table 1) . No consistent rule was observed for the Rc in the four sample plots (Table 1) .
Relationship between Rs, T, and humidity
In this study, the natural logarithms of Rs and Rh were fit to T and W because correctional multiple correlation coefficient of ln(Rs) and ln(Rh) was higher than that of Rs and Rh. Both Rs and Rh correlated positively and significantly with T. The relationship between Rs and Rh and W, and the interaction between T and W varied with the fire intensity (α = 0.05) ( Table 2 ). In the seriously burnt sample plot, the correlation among ln(Rs), Rs and T, as well as among ln(Rs), Rs, T and W was positive, though the correlation with W was not significant. ln(Rh), Rh, T, and W correlated positively, whereas the correlation between T and W was negative. In the moderately burnt sample pot, ln(Rs) and Rs correlated positively with W. The interaction between T and W was not significant and the relationship among ln(Rh), Rh, and W and the interaction of ln(Rh) and Rh with T and W was also not significant. In the mildly burnt sample plot, ln(Rs) and Rs significant correlated positively with T and W. A negative correlation was found T and W. Rh correlated positively and significantly with T and the interaction of Rh with W, T, and W was not significant. In the control sample plot, ln(Rs), Rs, and ln(Rh) correlated positively and significantly with W but did not interact significantly with T and W; Rh had a significant positive correlation only with T but not with the other two parameters.
With increasing burn intensity (except for the controls), the proportion of Rs explained with T and W increased. For severely, moderately and mildly burnt and control sample plots, T and W explained 77.11, 70.84, 54.29, and 71.35%, respectively of the change in Rs determined using the log model. The proportion of Rh explained by T and W showed no trend with increasing burn intensity. The explained Rh proportions were 61.26, 69.27, 49.75 and 88.22% for the seriously burnt, moderately burnt, mildly burnt, and control sample plots, respectively.
DISCUSSION
Soil respiration in different ecosystems
In this study, Rs in the control sample plot was in the range of 2.59 to 9.33 μmol·m -2 ·s -1 , which is similar to the findings of Zhang et al. (2008) 's studies on larch tree forests in the Genhe Forest Bureau of the Da Xing'an Mountain. This range is approximately 8 to 9 times that of the 0.31 to 1.09 μmol•m-2•s-1 found by Takakai et al. (2008) in Siberia and only slightly higher than the 1.6 to 7.4 μmol•m-2•s-1 found by Liang N. et al. (2004) in Hokkaido. In addition, the result of this current study is higher than the range of 2.8 to 4.1 μmol•m-2•s-1 for Siberian conifer forests (Kelliher et al., 1999 ) and the range of 1 to 6.5 μmol•m-2•s-1 for temperate zone conifer forests (Law et al., 1999; Xu and Qi, 2001) . Compared with the range of 1.14 to 14.0 μmol•m-2•s-1 for other cool temperate zone forest types our range was high (Schlentner and Cleve, 1985; Gordon et al., 1987; Funk et al., 1994; Burke et al., 1997; Moosavi and Crill, 1997; Savage et al., 1997; Billings et al., 1998; Rayment and Jarvis, 2000; O'Neill et al., 2002a) .
In this paper, the range of the Rh rate in the control sample plot is 1.79 to 6.78 μmol·m -2 ·s -1 , which accounts for 67.0 to 89.3% of the range of the Rs rate. This result is similar to Buchmann (2000) 's findings that Rh explained >70% Rs in 47-146-year -old Picea abies forest. Most research studies show that the proportion of Rs explained by Rh fluctuates between 50 and 68% (Nakane et al., 1996; Kelting et al., 1998; Lin et al., 1999; Hanson et al., 2000) obtained a 45 to 50% range of average Rc values in forest ecological systems (particularly coniferous forests) by summarizing the Rc values measured for most ecological systems before the year 2000 (Hanson et al., 2000) . The Rc value of the current study was 10.7 to 23%, which is clearly lower than the average value found by Hanson. This contradiction with the literature may be explained by the lower density of the L. gmelinii Rupr. forest (Yang and Wang, 2006b ) and the smaller number of existing shrubs.
Effects of fire disturbance on soil respiration
In general, fire reduces soil respiration. The magnitude of reduction depends on the fire intensity and duration (Weber, 1990; O'Neill et al., 2002a) . Soil respiration and its components in the control sample plot were higher than those of the burned sample plots. The degree of reduction of soil respiration caused by fire disturbance depends on the Rh and Ra proportions because these two values have different responses to environmental variables, such as T, humidity, site position, climate, forest age and nutrient availability Burton et al., 1998; Widén and Majdi, 2001) .
In this study, except for the control sample plot, Rh decreased with increasing fire intensity, whereas Ra exhibited the opposite trend. The decrease in Rh may be related to the loss of organic carbon in the litter and surface soil (O'Neill et al., 2002a) . Based on simulations, Hicke et al. (2003) found that fire disturbances produce a number of resoluble substances, resulting in an increase in Rh. However, net primary productivity (NPP) in the early period of system recovery is thought to be lower, Rh appears to decrease in the second year after the fire ending up at a level lower pre-fire levels 5 years after the fire (Hicke et al., 2003) . This current study was conducted in the fourth year after the fire, a and found Rh levels lower than pre-fire levels. Richter et al. (2000) found in their studies in the Alaskan area that soil respiration of burned areas is half that of unburned areas. They considered this finding to be caused by a decrease in Ra. In this current study, the Ra of the burned sample plots was lower than that of the control sample plot and showed a trend of increasing differences between burned and control plots with an increase in fire intensity. Ra in cold temperate zone forests is driven by recent photosynthetic rates (Högberg et al., 2001) . Therefore, the observed trend may be caused by the loss of canopy, thus promoting the succession of vegetation and thus higher energy release from the surface of the seriously burnt sample plots. The presence of more shrubs in the seriously burnt plots could also explain this trend. Depergelation caused by fire may also be one of the reasons (O'Neill et al., 2002a) .
Relationships among Rs, T, and humidity
The bioprocess of soil respiration is significantly affected by T and humidity (Raich and Schlesinger, 1992; Russell and Voroney, 1998) . T is the key environmental factor that influences soil respiration (Davidson et al., 1998; Russell and Voroney, 1998; Savin et al., 2001 ). However, because of the interaction and reciprocal correlation of the soil temperature and humidity condition (Xu and Qi, 2001; Wang et al., 2002) controlling and distinguishing its effect in field conditions are difficult.
A number of soil carbon dynamic models use surface soil T and W, particularly at 10 cm, to predict the Rs (Ino and Monsi, 1969; Bunnell et al., 1977; Singh and Gupta, 1977; Bonan, 1989; Bonan and Cleve, 1992) . However, the results obtained by O'Neill et al. (2002a) indicated that these models cannot predict the Rs of an ecological system after a fire. In this study, the model predicting Rs takes into account T, humidity and their interaction. It is able to explain 71.35 and 88.22% of the change in Rs and Rh, respectively. A number of similar studies obtained similar results (Keith et al., 1997; Xu and Qi, 2001; Kang et al., 2003; Yang and Wang, 2006a; Liu et al., 2008) . In the burned sample plots, Rs increased with the increasing fire intensity, indicating that a fire disturbance removes some of the factors influencing the soil respiration rate and that the response of Rs to T and humidity is more significant. However, this trend does not appear in Rh, indicating that according to the model, the Ra caused by a fire disturbance increases with increasing fire intensity and that Rh is affected by other factors. Thus, in the control sample plot, Rh (88.22%)> Rs (71.35%), whereas in the burned sample plot, Rs> Rh. Therefore, a fire disturbance reduces the sensitivity of Rh to T and humidity and increases the sensitivity of Ra.
